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ABSTRACT

The results of a year’s study on lithium diffused silicon solar cells are
presented. Two basic fabrication techniques were utilized on 600 1 X 2 cm
cells shipped to JPL as 10 lots of 60 cells each. Variables investigated on the
lots included lithium diffusion cycle and silicon crystal types (Lopex*,
Float-zoned and Czochralski). The solar cells were tested for
conversion-efficiency, short-circuit current and open-circuit voltage under
both tungsten and filtered-xenon light sources. Conversion efficiencies on
lots 8, 9 and 10 averaged > 12.5% under the tungsten light source calibrated
at 100 mW/cm2 sunlight equivalent intensity. Sample cells from lot 5
averaged 10.4% AMO under the filtered-xenon solar simulator. Although
lithium is generally observed in silicon as the interstitial donor, lithium
substitutional acceptors were identified and their concentrations measured.
Heavily boron-doped silicon (5§ X 1019cm"3) was compensated by lithium
and the resultant resistivity (apparent) was determined as a function of time.
The electrical characteristics (Hall mobility, lifetime, etc.) of
lithium-diffused silicon were measured. Impurity diffusion in silicon is
reviewed with respect to solar cell characteristics and radiation damage.

* Trademark of Texas Instruments Incorporated.
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SECTION I
INTRODUCTION

In a previous contract report1 (Contract No. NASS5-10274), technological aspects of making
Li-diffused Si solar cells were emphasized, and some of the major problem areas were identified. In
this report an attempt to fabricate an optimum cell in terms of a high initial efficiency and
improved tolerance to charged particle irradiation was made. Cells were designed to minimize or
eliminate the redegradation phenomena observed on many of the initial lithium cells fabricated.
Analysis results of the recovery data of the cells showed that the redegradation was due primarily to
excessive Li concentrations near the outer edge of the cell. Furthermore, there was an unrecoverable
type of damage associated with the complete lack of Li on the extreme edges of the cell. These
conditions were remedied by an approach that will be discussed later. However, as a preface to this
and to provide useful background material, extractions of several sections relevant to solar cells and
radiation damage from an extensive review article? on Si diffusion prepared by D. L. Kendall and
Dale De Vries on a Company-sponsored program are included in this report. The article was
presented at the Material Science and Technology Symposium, sponsored by the Electrochemical
Society, on May 4, 1969 in New York. The quantitative defect and diffusion models presented will
be useful from a theoretical standpoint and should serve as good working hypotheses for the state
of affairs that exists during high temperature operations and during the cooling cycle. These models
may also be important when considering annealing of Li-diffused solar cells after irradiation.






Report No. 03-69-37

SECTION 11
TECHNICAL DISCUSSION
A. DIFFUSION IN SILICON

Over the past 15 years, a great deal of data have been taken regarding impurity diffusion in Si.
The results of a critical review? of the published literature concerned with impurity and
self-diffusion with the intent of recording the important points in quickly accessible form are
presented here. Figure 1 and Appendix A are a tabulation of the published data. The references
cited in the tables of Appendix A are listed separately.

Data for the diffusion of 27 different impurities are tabulated in Appendix A. The diffusion
coefficients believed to be characteristic of the lowest impurity concentrations are underlined in
Appendix A and are shown in Figure 1. The concentration dependence of several of these impurity
diffusion coefficients is quite significant.

Figure 2 is a graphical solution for the solubility of various vacancy-type defects as a function
of Fermi level at 1090°C. The defect energy levels used for this calculation are those shown in
Figure 3. The levels further are assumed to maintain their same relative position in the gap at
1090°C as those shown at 0°K. The enhanced solubility of these defects at high concentrations is
probably responsible for most of the deviations from ideality observed in high concentration boron
and phosphorus diffusion profiles. These same defects are probably also responsible for the
extremely short minority carrier lifetitnes observed in the diffused layers of solar cells. The
graphical approach of Figure 2 is that of Shockley and Moli3 , although modified to account for
Fermi statistics. Kroger™ has a good discussion of the chemical approach for this same calculation.
The divacancy (W) and monovacancy (V) concentrations shown are only relative, both about three
orders of magnitude higher than estimated. The E-center concentration (phosphorus-vacancy pair)
may indeed be as high as that shown (according to preliminary calculations).

Finally, a quantitative defect and diffusion model for Si is shown below that is consistent with
a wide range of experimental observations and theoretical calculations. This model implicates the
vacancy pair or divacancy as the prime mover of substitutional atoms in Si at high temperatures.
Formation energies for both divacancies and simple vacancies are calculated which are consistent
with various theoretical estimates. Estimates of divacancy and monovacancy concentration at the
melting point and at 1100°C are shown in Table 1.

The diffusion coefficient of the divacancy (W) is given by

Dy = 6.2 X 1073 exp (~1.3/kT) cm?sec™! )




Report No. 03-69-37

°c _
- 1400 1300 1200 1100 1000 900
- h\\ | u —
T \T\L\ 3
I L i ]
| ‘\ ' —
B
LI e = =
_\\‘( -
10'6 [ —
i e -
s
S ~ pa—
g
7 X =
0= Ni ~
i \\ —;
108 - ]
_— 0 e
S N =1
- _
R i \K
1079 =N c —
- M~ -~
a - I
n =
10710 = | -
L 3 ]
- NN ‘
10~ M — \rrBi —
™ o =
b ot
- — <]
10712 |- \ -
1078 = <
w014 S
N I ]
R N T Y T M h
058 060 062 064 066 068 070 072 074 076 0.78 080 082 0.84 0386

'CA22590

1000/T( K)

Figure 1. Diffusion Coefficients in Silicon
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Table I. Defect Diffusion Coefficients and Concentrations in Silicon Assuming
Two Different Mechanisms for Self-Diffusion in Silicon at High Temperatures

Mechani Temperature
echanism
1412°C 1100°C
Divacancy Dy lem?sec™) 78x 1077 1.0x 10~/
Ny em™3) 50x 1016 2.1 x 10"
Dy {emZsec™ 1) 7.3x107° 44%x10°5
N, fem™) 1.4 x 101° 26x 1013
Extended Dy (em’sec™) 7.3%107° 44%1075
e
Vacancy NV (cm_3) 6.3 X 1015 6.1 X 1012
e
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The divacancy concentration is

Ny = 1.2 X 1027 exp (=3.47/kT) cm™3 )

Assuming the divancancy is responsible for silicon self-diffusion at high temperatures (above
1100°C), the monovacancy (V) concentration is calculated to be

Ny = 5 X 1022 exp (~2.53/kT) cm ™3 3)
The diffusion coefficient of the monovacancy is given by
Dy = 7.3 X 1074 exp (—0.33/kT) cm? (4)

On the other hand, if a monovacancy mechanism is used to explain the silicon self-diffusion results,
the monovacancy must be thought of as disturbing the lattice over many lattice sites. Thus the term
“extended vacancy” is applied- to such a defect and denoted as V. On such a model, which is
thought to be less likely than the divacancy model, the extended vacancy concentration is given by

Ny, = 1.2 X 102 exp (~4.44/kT) cm™> (5)

and the diffusion coefficient is assumed to be the same as the simple monovacancy above (Equation
4).

The self-diffusion data of Peart” were used in the above analyses, although the data of Masters
and Fairfield®’ and Ghoshtagore8 lead to very similar predictions. The analysis is based, to a
significant degree, on the spin resonance work of Watkins® and is very similar to the treatments of
Kendalil0 and Ghosh’tagore1 L

B. LITHIUM DIFFUSION TECHNIQUES
1. Evaporated Lithium

The technique emphasized in our cell manufacture is the use of pure evaporated lithium on
side A of a chemically or mechanically polished slice where side B has already been diffused with
boron. The latter pt+ layer is quite heavily doped (zIOZO cm_?’) and acts as an infinite sink for the
interstitial donor lithium arriving from side A, at least for the early parts of the diffusion run.
Eventually, however, this pt+ layer will reach a point where it is no longer an effective sink for the
lithium. This is shown schematically in Figure 4.

This situation will be maintained until the integrated atom flux crossing the junction (xj)
becomes comparable to the maximum amount of lithium that can be put into the boron-doped
layer. To estimate this, a 10~%cm thick p-layer and an average lithium concentration of 1020 ¢~
" in this layer was chosen. This permutes into an integrated concentration, Qmax = 1016 cm_z. The
maximum flux across the silicon slab occurs when A (Li)/AX = a constant, which is represented by
the linear gradient of Figure 4. Assuming a solar cell slice thickness of 0.03 c¢m and the solid
solubility of lithium at the diffusion temperature of 400°C; A(Li)/AX = —1.2 X 1018 cm—3/0.03
cm = —4 X 1019 cm™4. Taking the D value of 2.5 X 10~8 cm?2 sec™! for lithium at 400°C
(Appendix A, Reference 71), a minimum saturation time, tg, to give an integrated flux, ®, adequate
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to saturate the boron layer with lithium (i.e., to Qmax) can be calculated from the following
expression:

@ = Jt; = =D — t; = Qngy (6)

thus
Qe 1016
t. = =
° DACAX  35x 108 4 X 1019

= 104 sec = 3 hours

Since the time used for most of the cells was only 1.5 hours, this is well within the limit. This
is especially true when the actual diffusion conditions are taken into account (as shown below)
since in the first hour of diffusion at 400°C, almost no lithium crosses the junction, so the above
estimate is quite conservative.

The actual profile under constant surface concentration conditions at X =0 and a permeable
boundary at W is given by:

N_,_X 2% |1 n222Dt) | mX ;
G ‘-ﬁexpk————w2 Jsin 0

n=1
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Where N is the surface concentration, N is the concentration at any point X and W is the thickness -
of the slice. (This ignores the p-layer thickness). The other symbols have their classical meanings. A
graph of this function at different times at both 325°C and 400°C is given in Figure 5. The D values
were 5 X 1072 and 2.5 X 10~8 ¢m? sec"l, respectively. Note the 325°C curve after 8.0 hours of
diffusion is very similar to the 400°C curve at 1.6 hours, the only difference is the lower surface
concentration at 325°C (6 X 1017 cm™3 instead of 1.2 X 1018 cm"3).

2. Silicon Enclosure Method#*

A diffusion scheme was developed that consisted of a “silicon box” approach reminiscent of
that used by Miller and Savage (Appendix A, Reference 16) for aluminum diffusion into silicon.
This is shown in Figures 6 and 7. The lithium was applied to the carrier slices by evaporation, first
permeates the carrier slices, and then crosses the boundary to the sample to be diffused. It was
found desirable to heat the slices to 200°C during evaporation and keep them hot while transferring
them to the diffusion furnace. This minimized the reaction with air, evidently by not allowing
moisture to condense on the hot surface. This approach is evidently limited in its range of
application to temperatures greater than about 525°C when diffused in a furnace tube under
forming gas. The data in the critical range of temperatures are shown in Table II where p, is the the
original P-type resistivity and p¢ is the resistivity after a given lithium diffusion process. These
diffusion runs were-in the range 8 to 16 hours. The results did not depend on diffusion time over
this range. Note that at 547°C and above, the lithium solubility limit is reached in the samples. The
surface damage was negligible in all these cases. At a temperature of 1000°C, there was a tendency
for the sample and sample container to stick to the lithium carrier slices. When this occurred, a
bluish stain could be seen after separating the slices. This may be due to the formation of an oxide.
Runs made in tank-argon were similarly affected.

3. Vapor Diffusion Using a Lithium:Tin Alloy

Cells using the “silicon box” technique with various lithium:tin compositions have been
constructed. These were quite irreproducible and additional engineering work needs to be done
before this could be utilized as a cell manufacturing method. Theréfore, no cells were fabricated by
this technique for shipment to JPL on this contract. However, the use of Li:Sn as a diffusion source
has some very interesting implications. The Sn:Li system was originally applied to Si diffusion by
Reiss and Fuller!2. However, they used oxidized Si and immersed the samples in a Sn:Li bath. For
solar cell manufacture, this is not particularly desirable, so a vapor diffusion scheme using a Sn:Li
alloy was attempted. In this case,.the Sn acts primarily as a dilutant for the vapor pressure, PLi’ or
more precisely it modifies the chemical activity of Li, af ;. This quantity is given by

_ Fui
aLi - POL_
1

where P°Li1's the equilibrium vapor pressure over pure Li at the given temperature.

* Gregg Lee, who is now serving as an officer in the Air Force, is responsible for most of the experimental work in this section
as well as thatin C, D, and E. :
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The activity of Li at 400°C as a function of atomic percent of Li in Sn is estimated in Figure 8
along with the Li:Sn phase diagramm. The most interesting features of this graph are the six level
regions of chemical activity. In each of these regions, the Li-vapor pressure is constant over a range
of composition. For example, in Region 1 this applies from 33 atomic % to 50 atomic % Li. One
can then relate the amount of Li introduced into Si to the percentage in the alloy. Over this range
of alloy composition at 400°C, the surface concentration of Li in the Si is invariant. Several early
runs suggested that the resistivity after diffusion in this range is 0.055 £2—cm which corresponds to
a Li concentration of 2 X 1017 cm™

It will be noted that these arguments apply to either vapor diffusion in an ampoule, in a silicon
enclosure, or doping with the alloy evaporated on a slice. A quartz ampoule, however, tends to react
continuously with the Li in the alloy, thereby depleting the source. A suitably purged system in
conjunction with a Si enclosure would probably be effective. Whether the temperature limitation of
525°C mentioned earlier is valid for these Sn:Li diffusions in a Si enclosure is not known.

The upper ranges (2 to 6) will give progressively higher activity (Li concentrations). Raising the
temperature will generally increase activity in a given composition range. From the phase diagram
(Figure 8), note that at 505°C one would only traverse four two-phase regions. At 325°C he would
traverse seven such zones. Data over the phase field at temperatures ranging from 320°C to 510°C
would be of great practical use in designing a Li doping experiment for a solar cell, and precise
compensation of B-doped Si to a predetermined value.

The work would also be useful in Li diffusion of other semiconductors (Ge, GaAs, GaSb, and
others), since the Si concentration in the Li:Sn alloy is small and is assumed to exert a negligible
influence on the activity of Li. Assuming this is true, and, if the dissolution of the semiconductor in
question is small enough, the results regarding activity can be taken over to other semiconductors
with little change. '

The activity in range 0 is a continuously varying function of Li composition, so resistivities
above 0.055 can be attained. However, one must somehow avoid or surmount the quartz:Li
reaction mentioned earlier. The particular shape shown for range O is not inviolate but is shown to
illustrate a commonly observed effect, namely that the activity often exhibits a linear region in
dilute alloys. If the slope of this region is 1 (or —1 as in the present case) the alloy solution is ideal;
or put another way, it follows Raoult’s Law which is ap; = PLI/P Li = (Li%), where (Li°) is the
atomic fraction of un-ionized Li. It is the neutral species of Liin the Si lattice that is considered to
interact with the external Sn:Li phase. If the slope in this region is either greater or less than unity,
the behavior follows Henry’s Law, which is aj; = v (Li%), where « is the so-called activity
coefficient. -

C. ELECTRICAL PROPERTIES OF LITHIUM-DIFFUSED SILICON

_ Several samples of lithium-diffused silicon of various resistivities were prepared using a
lithium:tin alloy source. Before lithium diffusion, the silicon samples were phosphorus-doped
N-type with resistivities above 100 ohm-cm. These were fabricated into Hall bars and electrical
measurements taken. TI attempted fo make both Hall coefficient and lifetime measurements as a

11
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Table II. Effect of Temperature on Lithium Diffusion in Silicon Box

.

Tc) P, lohm-cm) Py lohm-cm)
400 18 1.8 (p)
500 18 1.8 (p) R
525 1.8 3.5 {p)
547 18 0.013 (n)
600 ‘ 18 0.007 (n) -
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function of temperature on several of these samples. The Hall measurements are shown in Figures 9
through 12. However, lifetime measurements could not be taken on the samples with the surface
photovoltage (SPV) method because the diffusion length was greater than the sample thickness (10
mils). The behavior of the mobility and the carrier concentration over the range of 77° to 300°K is
almost identical to that of high-quality arsenic-doped silicon. 10 In view of the different mode of
incorporation of lithium (interstitial instead of substitutional), this is not an obvious result. Note
also the similarity between the lithium-diffused samples containing oxygen (quartz-crucible QC) and .
those containing much less of this impurity (Lopex L). This is especially evident in samples 75L and
81QC, where a common line has been drawn through the carrier concéntration, Hall coefficient,
resistivity, and mobility data. ' *

The high quality of the lithium-diffused samples was also evident in the lifetime measurements
taken on the first contract.™ These data are reproduced in Figure 13. The minority carrier lifetime,
7, exceeds 10 microseconds in all samples containing less than about 2 X 1017 cm—3 donors. This
corresponds to a minority carrier diffusion length of about 4 mils. If this is adopted as a minimum
acceptable lifetime in the active zone of a solar cell, a decision can be made as to whether a given
lithium diffusion process will result in a high efficiency solar cell. For example, the cells diffused at
400° for 1.5 hours (Lots T-1 through T-5) should have a profile similar to curve 3 of Figure 5, with
a surface concentration at X =0 of about 1.2 X 1018 cm—3 . Thus, near the active solar cell surface
(located at X = 12 mils), a region over 3 mils width exists where the lithium is less than 2 X 1017
em™3 and which probably has a 7 considerably higher than 10 microseconds. In addition, a rather
high Li gradient of about 2.5 X 1019 cm—% exists throughout this region. This is expected to result
in a cell that anneals rapidly in a radiation environment.

It was recognized that the above gradient does not exist very near the P-N junction, since both
the RCA and TRW groups have shown by C-V measurements of TT cells that the lithium gradient in
the first few tenths of mils is somewhat less than that quoted above. This is evidently due to a
redistribution process very near the junction that occurs during room temperature storage after the
cell is manufactured. This is not surprising since the thin, heavily boron-diffused region will serve as
a more effective sink for the lithium donors at room temperature than at higher temperatures, as
can be inferred from Figure 14, which is reproduced from the previous contract. However, it is not
expected that the lithium in the bulk will continue to diffuse into the boron-diffused layer for very
long. This results from an observation by Williams et al.17 that a thin boron-diffused layer
effectively blocks the out-diffusion of lithium from a lithium drifted particle detector. This
unexpected result has not been satisfactorily explained, but has been authenticated by several
laboratories.

D. LITHIUM COMPENSATION OF BORON-DOPED SILICON

Using the same diffusion method outlined previously, heavily boron-doped silicon (5 X 1019
cm’"3) has been compensated by lithium. Reiss and Fuller!? have previously observed
lithium-boron compensation, although they reported no electrical measurements on the
compensated material. TI has achieved apparently very exact compensation. Four-point probe
readings of apparent resistivity made immediately after the 30 minute lithium diffusion (liquid -

* These measurements were taken by Jodie Horak using the SPV method.

14
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nitrogen quench) ranged from 104 Q-cm to 5 X 10° Q-cm. The apparent resistivity is defined from
the geometry of a four-point probe with 10-mil probe spacing to be:.

A" \"% |
p = 2us T = 0.16 —I- (2-cm)

where

s is the probe spacing
V is the voltage across the two inner probes, and
I is the current between the two outer probes.

In other words, no attempt has been made to correct for thickness of the material being measured.

Readings of apparent resistivity, however, varied with time. After seeming to increase slightly
for 3 to 5 minutes, they fell one order of magnitude in 30 minutes and another order of magnitude
in 24 hours. Figure 15 is a plot of apparent resistivity versus time for two samples which represent
approximately the upper and lower limits of initial resistivity observed. Figure 16 extends the lower
curve out to 65 hours after diffusion. Samples which initially are indicated as N-type on a

_ thermoelectric probe change to P-type in the same 3 to 5 minute period that the apparent resistivity
- seems to rise.
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Figure 15. Apparent Resistivity versus Time for Li:B Compensated Samples

This appears to be entirely a surface effect, since lapping the surface on which measurements
are being taken will restore the apparent resistivity to the same value observed just after the lithium
diffusion. The amount of lapping necessary (approximately 1 mil) to restore the high resistivity is
considerably more than can be explained by out-diffusion of lithium to the surface of the material,
. although this is still the primary suspect as the mechanism involved.

Whether the lithium diffuses to surfaces created by lapping damage or the out-diffusion is
somehow enhanced by the presence of boron is unknown, but it is clear that a P-type surface skin
develops on the N-type bulk of the samples. The formation of this layer precludes analysis of the
electrical- properties of the heavily compensated bulk since the P/N junction, as well as the
comparatively low resistance of the surface, causes current from measurement equipment to flow
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Figure 16. Apparent Resistivity of Li:B Compensated Sample for Extended Time

through the skin and not the bulk. Hall measurements on these samples reflect the behavior
described, but the apparent carrier concentration and mobility are not meaningful in the absence of
information on junction depth progression with time.

For a diffusion limited process, the apparent resistivity of Figures 15 and 16 should decrease as
the square root of time, 1 , at least if one assumes the mobility is approximately constant.
However, when plotted as a log-log graph, it happens that the apparent p decreases as t_3/ 2 over
several orders of magnitude of p. After about 100 hours, however, the dependence finally becomes
t—1/ 2, Thus, the lithium diffuses out of the sample much too fast at first. This may be due to the
large built-in fields that develop in the surface region when the lithium diffuses away from the
* boron very near the surface. For illustration, the diffusion zone [namely (DLit)l/ 2] for lithium at
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room temperature is about 100 A after 10 minutes. This can be shown to give a built-in electric
field of over 10° volts cm™ ! in the out-diffused region. A more likely possibility is that the lapped
surface is similar to a polycrystalline region, and the lithium is diffusing to regions similar to grain
boundaries. Such a situation can lead to a t—>/2 dependence*’ 15

E. LITHIUM COMPENSATED PHOSPHORUS-DOPED SILICON

The lithium species generally observed in silicon is an interstitial donor. However, from a
thermodynamic standpoint there must also be some finite concentration of a substitutional lithium
species which would be expected to be acceptor, defined as Lig; when ionized. As an example of
this type of behavior, Li in GaAs can be either an interstitial donor or a substitutional acceptor.18
The donor form is dominant in heavily P-type GaAs and the acceptor form dominates in heavily
N-type GaAs. The identification of Lig; could be important to theoretical understanding of the
annealing processes observed in silicon solar cells following electron irradiation.

To test for such a species in silicon, lithium was diffused into heavily N-type silicon
(phosphorus doped) and observed the change in resistivity and electron mobility. The substitutional
lithium concentration should be enhanced by the factor n/ni, where n is the free electron
concentration (which is essentially the phosphorus concentration) and n; is the intrinsic electron
concentration at the diffusion temperature. For a temperature of 1000°C, n;is 8 X 1018 cm"3, SO
for a phosphorus concentration of 5.4 X 1019 cm™3 the enhancement factor, n/ni, is about 7. The
interstitial donor form of lithium should be depressed by a similar factor. This simple treatment is
not precise because of the high solubility of the lithium in otherwise undoped silicon. This is about
5 X 1019 cm=3 at 1000°C, which exceeds n; and complicates the analysi§ somewhat. Nevertheless,
the same principles apply, and we should be able to make some reasonable estimate of the lithium
substitutional concentration at 1000°C from the observed change in carrier concentration in heavily
phosphorus-doped silicon. Similar data at other diffusion temperatures should allow estimates to be
made of the feasibility of the formation of substitutional lithium following an irradiation event, for
example by the reaction: .

Lift + Vg > Lig; + 2e

The data for sequential lithium diffusions at 1000°C using the silicon enclosure are shown in
Table III. The repeated diffusions were necessary to avoid depleting the lithium sources. This
occurred by oxidation primarily and was made evident after about one hour of diffusion at 1000°C
by the attendant decrease in the sample resistivity (after an initial increase). '

The data in Table IIl show that the average resistivity increases by a factor of 2.7 and the
effective mobility shows no significant change. If the latter had increased significantly, an
ion-pairing mechanism between the lithium acceptors and phosphorus donors would have been
indicated, since this would have reduced the concentration of ionized scattering centers. However,
since .it did not change, we must assume that the primary effect is the introduction of lithium
substitutional acceptors, Lig;. The concentration of acceptors added is about 3.5 X 1019 cm—

Control runs on companion phosphorus-doped samples showed no change in resistivity on
heating at 1000°C for periods of several hours.

* We are grateful to Dick Bass of Northrup Aviation Center for this suggestion.
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Table III. Sample Resistivity, Mobility, and
Carrier Concentration Versus Lithium Diffusion Time*

Cumulative -
Diffusion Time Resistivity Carrier Concentration Mobility

{min) (S2cm) (em™3) tem2volt™ Ysec™ )

0 1.68 X 1073 5.4 % 10'2 69

30 179 x 1073 54 x 109 66

65 194 x 1073 47 x 10%° 68

90 2.35 X 1073 39x10'9 69

120 3.05 x 1073 32x 10" 64

150 362 X 1073 30x 10" 64

270 449 X 1073 ' 1.9 x 100 71

*Times include time for lithium to penetrate carrier slices (see Text and Figures 6 and 7).

From the estimate of the substitutional lithium concentration in heavily phosphorus-doped
silicon, the solubility enhancement arguments can be reversed and the substitutional lithium
concentration in silicon containing only lithium can be estimated to be about 1/7 of that in the
phosphorus-doped case. Thus, the concentration of Lig; in silicon doped only with lithium to its
solubility limit at 1000°C is about 5 X 1018 em™3, which represents about 10% of the total lithium
in the sample at this temperature. This confirms the view that lithium is primarily an interstitial

donor (= 90%), but suggests that a measurable substitutional concentration also exists, at least at
1000°C.

F. SOLAR CELL FABRICATION
1. Basic Fabrication Processes

The two basic fabrication processes used on the contract are outlined in the simplified flow
diagram of Figure 17. The “standard” process (right sequence) used a pre-sized blank with the
lithium applied by evaporation techniques through a “picture-frame” mask. This technique, while
preventing Li overspray to the *“p’ active surface, resulted in non-uniform Li doping around the
edges of the cell. -

It is significant that Li was introduced by evaporation of elemental Li on all cells fabricated
under this contract. The details of the Li evaporation techniques are as follows:

Source — high purity (< 0.005% Na) elemental Li wire, 2 charges
1 1/4 inch long X 1/8 inch diameter.

Source Preparation —  rinsed in semiconductor grade acetone until all visual oxidation
: removed. Rinse performed immediately prior - to system

evacuation. ' '
Source Loading — transferred from acetone rinse directly to source container at

room temperature.
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Source Container — tantalum boat, 2 X 0.5 X 0.015 inches resistant heated.
Substrate — boron diffused, N-type silicon.

Substrate Preparation — boron deglazed in semiconductor grade hydrofluoric acid 5
minutes, multiple rinses in flowing deionized water, acetone
rinsed and dried in nitrogen ambient immediately prior to mask

loading.

Substrate Loading —  transferred to metal mask in pure-aire hood. Loaded mask
transferred to vacuum system with substrate heaters set at
200°C.

Vacuum System — CVC model 18, 6inch oil diffusion pump with freon

refrigeration trapping.

System Geometry — center of substrate plate 6 inches above source boat. Infrared
heaters directly above substrate plate. Thermocouple mounted to
substrate plate for external temperature monitoring.

Source Deposition —  system evacuated to a pressure of 5 X 1075 mm Hg or less.
v Substrate stabilized at a temperature of 200 + 10°C. Current to
source boat slowly increased to initiate Li evaporation at a rate
sufficiently low to minimize “‘sputtering’ of Li. Deposition rate
and temperature of source not monitored. Partial pressure of
contaminants not monitored. Source evaporated to completion
and power to source boat slowly returned to zero. System
backfilled with nitrogen to atmospheric pressure.

Li Diffusion — substrate plate removed from vacuum system at 200°C and
' tranferred to pure-aire hood. Substrates removed from substrate
plate (maintained at = 100°C during transfer) and loaded in
preheated quartz diffusion boat. Diffusion boat removed from Li
furnace hot zone immediately prior to loading. Quartz boat
transferred to diffusion furnace immediately after loading. Li
diffusion performed -in forming gas (90% Ny: 10% Hz) at time
and temperature specified in succeeding section “Process
Variables.”

The “whole slice” process (left sequence) was designed to eliminate the edge problems
encountered with the standard process. Lithium was evaporated on the whole slice with techniques
identical to the standard process technique. Two cells were sawed from each whole slice after Ti-Ag
contact evaporation and sintering.

Figure 18 is an actual photograph of the “p” contact surface of a whole slice prior to the
sawing operation. The whole slice process yielded two 1 X 2 cm, 5-grid cells (active area = 1.8 cm2);
whereas, the standard process cells were 1 X 2 cm, 3-grid (acti'vevarea =19 cmz). The Ti-Ag contact
" sintering operation for either process was identical, i.e., 600°C for 3 minutes in forming gas
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Figure 17. Lithium-Diffused Solar Cell Process Flow Diagram

26




Report No. 03-69-37

Figure 18. “P” Contact Surface of Whole Slice After Contact Deposition

ambient. All cells fabricated on the contract were nominally 0.013-inch thick with evaporated
quarter-wave silicon monoxide antireflective coatings.

2. Process Variables

Ten lots of lithium-diffused solar cells were supplied on the contract. Each lot contained 60
cells fabricated identically. The major variables on the lots were lithium concentration at the
junction, lithium uniformity at the periphery of the cell and the basic silicon crystal processing

(float-zoned, Czochralski and Lopex). The variables associated with each shipping Iot are
summarized in Table IV.

All starting silicon on the contract was phosphorus doped with the Czochralski resistivity being
>20 $§-cm and the Lopex and float-zoned being > 50 £2-cm. Note that only lot T-2 received an
additional redistribution cycle of 120 minutes at 400°C after the primary lithium diffusion source

was removed. However, all lots were sintered after contact deposition at 600°C for approximately 3
" minutes, which is a significant redistribution cycle in itself — equivalent to one hour at 400°C.
Further, on the basis of the arguments presented relative to Figure 13, redistribution should not be
required and may even be detrimental to the radiation recovery properties.

The boron diffusion processes on lots T-1 through T-9 were identical to those used on the
previous contract. The resultant boron profile is reproduced in Figure 19. The diffusion time on lot
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Table IV. Shipping Lot Variables and Electrical Results

Average Output (100 mW/cmzw)
Lot No. Material-Li Diffusion-Process ! sc v oc Eff.
ImA/cm?) (mV) (%)
T-1 Czochralski 90 min at 400°C Std 29.2 591 1.8
T-2 Czochralski 90 min at 400°C sta? 30.1 564 1.3
T-3 Lopex 90 min at 400°C Std 30.0 589 12.1
T-4 Float-Zoned 90 min at 400°C Std 27.9 586 11.2
T5 " Lopex 90 min at 400°C WS+ 291 600 12.7
T-6 Lopex 8 hrsat 325°C Std 31.0 596 12.2
T-7 Czochralski . 8 hrs at 325°C Std 306 588 118
T8 Czochralski 8 hrs at 325°C W.S. 31.1 589 12.6
T8 Lopex 8 hrsat 325°C WS. 30.6 598 12.7
T10 | Lopex 135 min at 400°C ws¥ 30.3 597 12.7

15td + 120 min redistribution at 400°C
+W.S. — whole stice process

¥ Boron diffusion depth twice standard depth

T-10 was modified to yield a junction depth, X} twice that of lots T-1 through T-9. Lots T-5, T-9
and T-10 are three Lopex lots with the lithium concentration at.the junction on T-5 theoretically
‘being twice that of T-9 and T-10 being even higher than that of T-5 due to the increased junction
depth and lithium diffusion time. Post-irradiation testing on these three lots should resolve the
relative importance of lithium concentration at the junction on recovery characteristics of Lopex
cells.

A direct comparison of Lopex to Czochralski starting material can be obtained by comparing
lots T-8 to T-9.

G. CELL ELECTRICAL TESTING
1. Output 100 mW/cm2 Tungsten

Each cell shipped on the contract was tested under a tungsten light source at IOO'mW/cm2
sunlight equivalent intensity. The tungsten bulbs were operated at a color temperature of 2870°K.
A 1/4 inch thick plate glass filter with 3 cm deionized water was placed between the bulbs and the
solar cell under test. The intensity was calibrated with a N/P Table Mountain standardized solar cell.
Data were taken at a cell active surface temperature of 28 +2°C. -

The average output of each shipping lot under the tungsten source is summarized in Table IV.
The short-circuit current is presented on a mA/cm2 basis for direct comparison. The whole slice
process cells were 1.8 cm? active area whereas, the standard process cells were 1.9 cmz. The
conversion efficiency was calculated at the maximum power point on each cell.
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The major variance in open-circuit voltage occurred on lot T-2, which received a 120 minute
lithium redistribution cycle at 400°C after the prime lithium source was removed. This lot exhibited
one of the lower efficiencies, 11.3%. The whole slice lots were extremely uniform in output
characteristics when compared to the standard process lots, demonstrating the importance of
uniform lithium doping across the entire solar cell. The standard process cells varied electrically to
such a degree that it is difficult to draw specific conclusions concerning the affect of the major
variable of the lot, i.e., base material or Li diffusion cycle. However, a comparison of whole slice
lots T-8 and T-9 reveals the conversion efficiency of Czochralski and Lopex material to be virtually
the same for the same lithium diffusion cycle. The outputs of the three Lopex-whole slice lots with
three different lithium diffusion cycles were statistically identical. Post-irradiation annealing results
of these lots should resolve the importance of the lithium diffusion cycle and resultant
concentration profile.

Electrical data under the tungsten source of the 600 cells shipped on the contract is detajled in
Appendix B.

2. Output 140 mW/cm2 Filtered-Xenon

The .output characteristics of lots T-6 and T-7 were measured under TI’s AMO filtered-xenon
solar simulator, whose spectral irradiance is compared to Johnson’s Curve in Figure 20.19 Although
the TI simulator curve deviates significantly from the Johnson curve, the total integrated result
(considering a typical N/P spectral-response characteristic) would be 0.3 mA more short-circuit
current output for a 1 X 2 cm, 3-grid cell under the TI simulator than under AMO sunlight.

The simulator’s intensity was established at 140 mW/cm2 using a N/P working standard
(traceable to a JPL balloon standard calibration). The active surface temperature of the cells under
test was 28 * 2°C. Individual cell readings are detailed in Tables V and VI for T-6 and T-7,
respectively. The data on T-6 were taken at a load voltage of 0.485 V, instead of the conventional
0.430 V, to give a more accurate evaluation of the AMQ conversion efficiency. These 60 cells
averaged 9.65% AMO efficiency under the simulator. This Iot was one of the higher eff1c1ency
standard process lots, averaging 12.2% under the 100 mW/cm tungsten test set.

The whole slice lots consistently averaged higher conversion efficiencies than the standard
process lots. Five typical cells from lot T-5 (whole slice process) averaged 10.46% AMO under the
simulator at a load voltage of 0.485 V.

3. . Spectral Response

The spectral response of cells from shipping lot T-5 was determined to be virtually identical to
a typical N/P solar cell. The intensity of the tungsten light source and the filtered-xenon simulator
were calibrated with the same N/P standard cell and the output of five whole slice cells (T-5) were
measured under both sources. T-5 was Lopex base material with a 90 minute at 400°C lithium
diffusion cycle. The electrical data under the two light sources are presented in Table VII. The
short-circuit current of the cells averaged 60.6 mA and 61.0 mA under the tungsten and xenon
sources, respectively. This data shows that the lithium diffused cells, at least lot T-5, have spectral
response characteristics very similar to N/P solar cells.
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Table V. Cell Characteristics of Lot 6 Under AMO Simulator
(8-Hour Diffusion at 325°C on Lopex Silicon)

Cell No. lsc l().485 vnc Cell No. s '0.485 Voc
T-6 {mA) {mA) {mV) T-6 {mA} {mA) {mV)
1 66.5 53.6 505.8 32 68.9 51.9 593.5
2 67.3 49.9 587.9 33 64.6 50.4 589.6
3 69.1 54.9 596.3 34 69.7 55.2 598.3
4 66.9 50.1 583.3 35 64.0 49.3 586.9
] 66.3 52.1 506.2 36 69.4 52.7 597.1
8 68.9 54.2 §95.3 . 37 66.6 52.8 597.2
7 68.2 55.0 599.9 38 67.1 52.1 597.8
8 65.7 48.8 585.8 39 68.7 56.1 600.3
] 874 54.7 595.3 40 705 53.1 595.2
10 68.6 51.8 592.2 a1 67.2 52.3 §90.6
1 67.7 52.7 587.7 42 67.8 51.4 595.8
12 67.5 54.6 597.8 43 69.9 60.3 602.9
13 67.7 50.2 593.2 44 69.6 50.1 §87.2
14 67.9 51.3 596.0 45 709 589 600.4
15 68.2 49.4 588.4 46 68.7 53.7 597.7
16 67.2 53.1 594.3 47 69.8 51.3 595.8
17 67.1 50.3 587.8 48 70.3 53.8 5929 .

18 68.2 50.6 588.2 49 69.4 522 593.5
19 68.8 52.7 590.4 50 67.1 499 583.7
20 68.3 53.6 593.8 51 659 51.3 594.1
21 66.4 55.0 594.7 52 68.9 49.4 592.1
22 68.1 49.9 588.5 63 70.3 58.4 601.8
23 66.2 53.8 597.4 54 706 54.6 598.0
24 66.1 53.3 594.5 55 67.3 '58.0 607.0
25 66.7 49.2 581.8 56 68.1 52.8 597.9
26 68.0 51.9 598.2 57 66.7 56.1 600.5
27 68.6 51.8 588.9 58 67.4 57.7 604.0
28 69.8 61.0 606.2 59 67.3 52.4 597.7
29 68.4 49,6 590.3 60 68.4 53.7 601.0

30 67.9 54.0 596.4

31 70.7 54.9 596.2
Ava. 68.0 52.8 594.3
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Table VI. Cell Characteristics of Lot 7 Under AMO Simulator
(8-Hour Diffusion at 325°C on Czochralski Silicon)

Cell No. bse Voc Y0.430 v Cell No. lse Voc '0.430 v
T-7 {mA) {mV) . {mA) T-7 {mA) {mv) {mA)
1 68.7 584.7 60.2 31 66.8 589.0 60.3
2 70.0 580.5 63.2 32 68.0 604.1 65.3
3 68.6 589.7 62.2 33 68.7 591.3 58.8
4 729 593.3 62.8 34 66.8 593.8 59.3
6 714 583.8 62.5 35 68.3 595.8 -63.5
6 68.8 5928 61.2 36 63.8 595.4 60.8
7 68.1 581.4 58.2 37 66.5 583.8 57.7
8 68.0 594.1 61.7 38 689 691.5 60.7
9 68.1 585.8 60.2 39 66.8 592.6 61.4
10 66.7 589.0 59.1 40 70.3 §94.6 62.7
1 71.2 685.5 59.4 41 69.8 570.7 55.5
12 73.3 593.8 60.7 42 68.3 586.6 60.5
13 68.1 503.3 61,2 43 . 68.4 5955 64.4
14 68.0 586.1 58.2 44 60.6 596.9 578
16 728 587.2 61.8 45 70.6 585.5 58.5
16 69.0 586.4 60.7 46 68.3 588.8 59.3
17 71.4 594.4 63.1 47 67.3 578.4 57.5
18 69.1 594.9 62.4 48 700 589.3 59.1
19 68.8 587.5 61.3 49 67.5 592.8 61.3
20 69.8 588.9 62.8 50 70.3 588.6 61.3
21 70.0 596.6 65.8 51 70.2 595.4 63.8
22 698 598.3 64.6 52 724 598.5 66.5
23 68.1 589.6 55.5 53 66.6 591.6 59.6
24 69.8 602.5 66.5 54 67.6 598.3 63.9
25 709 587.1 62.0 55 69.4 588.0 59.6
26 69.0 591.9 59.0 56 705 588.5 61.4
27 67.3 592.8 60.3 57 . 65.1 589.7 60.0
28 67.6 582.8 58.4 58 67.8 577.9 58.6
29 69.9 586.5 63.8 59 70.7 600.5 65.5
30 71.7 596.4 64.4 : 60 72.3. 587.7 62.5
Avg. 68.9 590.9 61.2

Table VIL. Results of Solar Simulator and
Tungsten Light Source Tests—Lot T-5

Cell Iy (MA) Vo (V) 10.485 V (mA) Eff (%AMO)
Number w Xe w Xe W Xe - w Xe
1 684  59.1 6013 €018 | 532 537 | 1021 10.31
2 697 602 | 5993 6000 | 529 535 | 10447  10.27
3 614 621 | 6020 6029 | 547 549 | 1050 1054
4 618 621 6033 6037 | 559  56.1 1073 1077
6 618 616 | 6036 6033 | 544  54.1 1044  10.39
X 606 610 | 6019 6023 | 542 545 | 1041 1046
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SECTION III

CONCLUSIONS

The major contributions of this report are listed.

b

2)

3)

4)

5)

6)

7)

8)

9

10)

Evaporated lithium diffused from the back to the front of a solar cell is an effective
production process that results in a high efficiency solar cell comparable to standard
N/P cell.

Lithium can be effectively diffused into silicon from the vapor phase in a “silicon
enclosure,” but the diffusion temperature must be over 525°C for diffusion in a
furnace under dry nitrogen.

The lithium surface concentration can be reduced by using a lithium-tin alloy as a
vapor source, but the oft-attendant oxidation of lithium makes it difficult to apply
as a production process. .

The electron mobility and minority carrier (hole) lifetime of lithium-diffused silicon
is comparable to the very best n-type silicon doped with other donors such as arsenic
or phosphorus. '

Lithium can be used to closely compensate very heavily boron-doped silicon. The
lithium very near the surface of this compensated silicon out-diffuses and causes the
apparent resistivity by four-point probe to decrease with time. The time dependent
apparent resistivity suggests that something like grain-boundary diffusion near the
surface may be involved in the surface shunt that develops.

Although lithium in silicon is predominately an interstitial donor, the partial
compensation of heavily phosphorus-doped silicon with lithium suggests that a
measurable substitutional lithium acceptor solubility exists at 1000°C.

The whole slice fabrication process yields a high efficiency solar cell that has a
uniform lithium and boron distribution across the whole cell.

Lithium diffusion times of 90 minutes at 400°C or 8 hours at 325°C, each with no
additional ‘‘redistribution” cycle gave good results. The latter process yielded
slightly higher efficiencies. This may be due to the lower average lithium

.concentration of these cells.

Lopex and Czochralski silicon yield lithium-diffused solar cells of virtually the same
conversion efficiency when the whole slice process is used.

On the basis of the 60 cells in each of the ten lots, it should be possible to determine
with reasonable certainty the importance of lithium concentration near the junction,
and non-uniform lithium concentration near the edges of the cell. These are both
expected to be important variables in initial efficiency, rate and extent of recovery
after. charged particle bombardment, and permanence of the recovery process (that
is, the presence or absence of the so-called redegradation process).
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SECTION IV
NEW TECHNOLOGY

The following items were reported to JPL on April 18, 1969 as new technology on contract
952248:

1) Substitutional Lithium.
Innovator: Don Leslie Kendall
Reference: Quarterly Report No. 2, p. 2
.Final Report, p. 14

2) Lithium Compensation of Boron-Doped Silicon.
Innovator: Don Leslie Kendall
Reference: Quarterly Report No. 2, p. 4
Final Report, p. 23
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Table I. Group IIIA acceptor diffusion coefficients in silicon.

D Q D D C_ Range
1300°¢C 1100°C o
Element Ref. (cms/sec) (ev) | (cm2/sec) (cm2/sec) (em=3) Remarks
11 o3 21 22 p
Fuller, et al.| (1b) | 10.5 3.69 | 1.6 x 10 3.0 x 10 1.0 x 10°! - 1.0 x 10%%|1sr, cp, B
Kurtz, et al. | (2) *1.4 3.51 2.8 x 207121 1.8 10713 | 1.6 x 1017 - 7.0 x 10'8)pn, Consistent with low conc.
data in Ref. (10) and (13)
) -11 -13 20 20f .
Yamaguchi, (3) 17.1 3.68 2.7 x 10 5.3 x 10 2.0 x 10 ~ 5.0 x 10 Modified ISR
et al,
Williams (4) 16.0 3.69 | see Text® | see Text® Approximately 10°Y lpn, b, B
Kato, et al. (s} 2.02 3.52 1.1 x 1072 | 2.4 % 20713 | o - -——- }1SR, Redistribution during
oxidation
s -12 -14 15 17 . )
Nagano, et al. | (6) 106.0 4.2512.5 x 10 2.6 x 10 1.0 x 10 -~ 1.0 x 10 ISR, Diffusion from a sputtered

solid source

Other Data: References (7), (8), (9). (10}, (11), |(12), (13), and (14).
Other Observations: References|(41), 1(42), (43), (44), (45), (46), (47), (48), (49), (50), and (51).

Goldstein (15) | 2800 3.9 8.8 x 10°°] 1.4 x 1011 pn, CD

Fuller, et al.| (1b) 8.0 3.4716.0 x 1072 1 1.5 x 10722 | 1.0 x 20'® - 4.0 x 10'7|pn, consistant with data in

Reference (18)

Miller, et al.| (16) 4.8 3.36 [ 8.1 x 1071} 2.2 x 10712 | 1.0 x 10'® - 2.7 x 10'°| cavacitance method, cD
Kao (an 0. 3.0 [1.2 x 1071%} 4.9 % 2072 [ 3.0 x 10%® - 1.3 x 10%%sR,
Navon, et al. (18) D, QO very similar to Ref.(lb)
-1T w13 15 i) e
Fuller, et al.| (lb) 3.6 3.5142.0 x 10 4.7 x 10 1.4 x 10 - 2.1 x 10 pn, CD .
Kartz, et al. | (19) | #2258 | a.12{1.4 x 107* 1 1.7 % 107131 1.4 x 1017 - 4.4 x 10*®|pn and 1SR
Other Data: Referenc'e_s (20}, ( l)+, 22)+, Ml)—iz -7 .17 -
Fuller, et al.| (1lb) 16.5 3.90}5.2 % 10 8.0 x 10 2.8y 10 - 6.7 % 10 pn, CD
Millea (23) T. Data consistent with
Ref.. (1b}
Fuller, et al.| (1b) | 16.5 3.90 | 5.2 x 10722 ! 8.0 x 1071% [ 9.0 x 101® - 1.2 x 1017 pn, D
* Calculated
*w Recalculated Value, Author's Value Incorrect
T Tracer Measurements
PR p-n Junction Depth Measurements
ISR Incremental Sheet Resistance
SR Sheet Resistance and Assumed Distribution
¢D Concentration Dependence Not Taken Into Account
D {D-bar) Average D Typical of High Concentration
+ See Text for Comment

Table II. Group VA donor diffusion coefficients in silicon.

D Q D D C_ Range
o 1300°¢ 1100°c o
1 t £. - Remarks
Blements |Ref. | cn?/sec)| (ev) | (en2/sec) | (em®/sec) (en™3)
Howazd (24) | 1500 4.42 | 1.0 x 107*1] 8.9 x 10714 ~10'8 -4 x 1099
(25)
Fuller, et al.| (lb) | 10.5 3.69] 1.6 x 1072} 3.0 x 10713 | 6.0 x 10%% - 5.0 x 1022 |1sr, D, B
Mackintosh (26) | *0.0032 | 2.6 | 1.5 x 10711 3.0 x 10713 ~10%° SR and_junction depth, N, =
5 x 1014 em~3 prediffusiBn
results (erfc dist.)
Mackintosh (26) | *4.9 3.7 [ 6.7 % 1071%| 1.3 x 10713 |3 ¢ 1018 SR and junction depth, N =
S x 1012 cm~3 diffusion
results (Gaussion dist.)
' -12 -13 18 18
Maekawa (27) *2.73 *3.,581 9.1 x 10 2,0 x 10 2.2 x 10 - 7.5 x 10 ISR and T, Low conc. ISR only
Other Data: References (8),] (11}, [(21), (23) (28), (29), (30), (31), (32), (33), (34)

Other Observations: References|(42), [(43), (44), (45), (46), (47), (48), (49), (s0)., (51), (52), (53), (54), (55), (56))
. (57}, [{58), (59).

Fuller, et al.| (i1b) | 0©.32 3.56| 1.2 x 10772 2.7 x 1073 | 5.8 x 1017 - 4.5 x 10'® |pn, o, T
Armstrong (35) | 68.6 4.23) 1.9 x 10712} 2.0 x 10714 ~10t7 o <101 sR, o
Raju, et al. | (36) | 2.564 2.871 1.0 x 10722 | 1.6 x 1071 | 7.0 x 1017 - 7.0 x 1018 |sr
Hsueh (37) | 83,000 | 5.20} 1.8 x 1072} 6.8 x 1071% | 1.0 x 10%% - 2.0 x 10*? |sr
Other Data: Referknce (21)
Fuller, et al.| (1b) 5.6 | 3.95}1.2x 3032 1.8 %107 1.4 x 108 - 9.2 x 10** |pn, e, B
Petrov, et al.| (38) | o0.112 2.86] 7.6 x 107 3.6 x 10712 T
Rohan, et al. | (39) | 12.9 3.98]2.2 x 10732} 3.2 x 1072 | 1.9 x 10%° - 5.0 x 10*? |1, Recalculation indicates
Co values may be low by =
] density of Si.
Other Data:  References (7), (10), (23}, (40).
Fuller, et al.| (1b) | 1030 4.64] 1.4 x 10712] 9.6 x 1072 1.0 % 107 - 2.4 x 10*® {pn, oD, D
| Pomerrenig (40a} 896 2.12| 5.5 x 101X 6.7 x 10° 13 . pn

NOTE: For legend, refer to Table I.
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Table ¥ITI. Other impurity diffusion coefficients in silicon.
D Q D R D o
Element Ref. 20 1300 ¢ l%OO ¢ Remarks
(em®/sec) | (eV) (em”/sec) {cm”/sec)

H Van Wieringen, |[(60) | 9.4 x 10—3 0.48 2.7 x 10_'4 1.6 x 10_4 Mass spectrometry.
et al.

Ichimya (61) | 4.2 x 107°10.56 6.7 x 1077 | 3.7 x 1077 | T, evolution of gas.

He | Van Wieringen, |(60) 0.11  |1.26 |1.0 x 10™ | 2.6 x 10™® | Mass spectrometry.
et al. ! .

Luther, et al. [(62)]5.1x 107%[0.58 {7.0 x 10™® | 3.8 x 10™® | Rate of evolution from B-doped
crystal.

N Panteleev, (63) 4.55 Based on entropy of formation of
et al. NI,

0 | Logan, et al. (64) 135 3.5 8.1 x 10_10 1.9 x 10_1l pn, after 450°C heat treatment.
Haas (65) 0.21 2.44 3.2 x 10-'9 2.3 10_lo Internal friction calculation.
Corbett, et al. |(65a) 0.23 2.56111.4 x 10-9 9.1 x 10—11 Comparison of annealing data

] with internal friction measurements
Other Data: References (66), (67), (68), (65b), (65c).
Li| Fuller, et al. [(69) ] 9.4 x 10™3}0.79 2.8 x 10™% | 1.2 x 10™% | pn
Fuller, et al. ((70) | 2.3 x 1073/0.66 [1.8 x 107> | 8.7 x 107% | 1on drift, mobility.
Maita (71) } 2.3 x 1073{0.72 |1.1 x 107° | 5.2 x 10°° | Low temp., Ion pairing,
. relaxation method.
Shashkov, et all(72) | 2.2 x 1073[0.70 1.3 x 1075 | 5.9 x 107 | pn
Pell (73) | 2.5 x 1073}0.6552.0 x 107 | 9.9 x 107® | out diffusion at high temp. and
(74) . ion drift at low temp.
Pratt, et al. (75) | 2.65 x 10-3 0.63[{2.5 x 10—5 1.3 x 10-5 ISR
Igras, et al. (76) ] 1.3 x 10S 1,13 Mechanical polish
~ j1.3x10% |1.13 Surface Diffusion | Chemical polish

Na| Svob {77)] 1.65 x 107°9.72| 8.1 x 107° | 3.8 x 107° pn '

K | svob (77)] 1.1 x 1079 0.76] 4.0 x 10°°] 1.8 x 10°° | pn
Yewman, et al. |(78) 0.33 }2.92) 1.4 x 107} 6.3 x 10722} 1
Newman, et al. |(78a 1.9 3.1 | 2.2 x 1072] 7.9 x 10°%2| Reanalyzed data fo Ref. (78).

Ge| Petrov (79)] 6.26 x 109 5.28| 7.3 x 107%| 2,6 x 1071 T, Ge powder.

sn| Millea (23)|*2.16 x 107 *5.3¢| 1.1 x 1014 3.5 x 10"1%| T, enhanced in n-type, same

- in p-type.
Yeh, et al. (80) 32 |4.25| 7.6 x 107Y| 8.0 x 10715| T, enhanced in n-type, same
. in p-type.
§ | Carlson, et al.|(81) 0.92 2.2 | 3.1 x 1078 | 7.7 x 10™2 | Resistivity and Hall measurements.
- - -6 \
Cu] Boltaks, et al,}|(82)] 4 x 10 2 1.0 2.5 x 10 5 3.5 x 10 T, I-8 dAiff,
Hall, et al. |(83)) 4.7 x 1073 0.43] 2.0 x 107%| 1.2 x 107 | T, (Interstitial D).
Other Data: References (84), (85).
Ag| Boltaks, et al.|(86)| 2.0 x 10™% 1.60] 1.5 x 16™8| 2.7 x 107%|
Aﬁ Struthers 1(84)1 1.1 x 1072 1.121 2.8 x 1073 8.5 x 107/ T, I-S {unlimited vac. sources).
(87} )
Boltaks, et al.|(88)| 1.15 x 10%3.11] 1.2 x 1078 | 4.4 x 108 | 7, vacancy limitea 1-s.
- - ~6 s s =
Wilcox, et al. | (89)| 2.44 x 107%0.39| 1.4 x 107> | 9.0 x 10 T, Interstitial D.
(89a)| 2.75 x 107°2.04} 7.9 x 107 % 3.9 x 107} 1, substitutional B.
Collins, et al.} (90)] 1.85 x 10]21.32 1.1 x 10“6 2.6 x 10"7 MOS Capacitance, assumed erfc. dist
Other Data: References (7), (913, (92), (93).
L 3 i 1
NOTE: See Table I for legend.
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Table III (continued)

D D D
Element Ref. o ¢ 1300°C 1;00°C Remarks
(cmz/sec) (ev) (cm”/sec) (cm”/sec)
zZn | Malkovich, (94) 0.1 1.4 3.2 x ].0_6 7.3 x 10_7 Electric field dependence studies.
3 et al. :
Fuller, et al. | (95) Found 10 %¢p<10™7 f£rom 900°C
to 1360°C.
. Mn| carlson (96) T, D>2 x 1077 at 1200°C.
Fe | Struthers (84) | 6.2 x 10"3 0.87 11.0 x 10-5. 4.0 x 10_6 T )
Collins, et al.] (85) T, Postulate I-S mechanism.
Ni | Yoshida, et al.j(97) | 1.3 x 107201.4 |4.2 x 1077 | 9.4 x 1078 | Measured elect. active Ni.
. Apparent D by annealing. -5
Interstitial D= 10 4 to 10
700 to 900°C.
Bonzel (98) 0.1 1.91 t 7.5 x 10—8 9.7 x 10-9 T, surface decrease method,
apparent D.

Other Data:

References (99), (190), {101).
i 1 L

NOTE:

See Table I for legend;
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Table I. Cell Characteristics of Lot T1 Under 100 mW/cm2 Tungsten Light

90 Minute Diffusion at 100°C into Silicon

Cell No, 'sc Voc Eff Cell No. lsc VOc Eff
T-1 {mA)} {mV) (%) T-1 . {mA) {mV) (%)
18 58.0 600 13.0 318 56.5 589 1.2
28 57.5 600 125 328 54.5 590 1.2
K):] 55.8 .600 12.8 338 56.2 589 1.1
4B 56.5 600 | 125 348 55.2 590 115
58 56.5 600 128 36 59.8 590 12.2
68 56.5 605 . 126 37 59.1 600 13.0
78 57.5 596 12.2 38 57.0 590 11.6
8B 58.0 590 123 | 39 57.4 588 12.2
9B 572.2 592 122 40 56.2 590 12.0
108 55.2 605 13.0 41 56.0 590 12.1
118 57.0 590 120 42 53.6 590 1.7
128 56.6 596 118 . 43 57.8 592 12.7
138 56.2 595 118 44 55.5 589 115
148 55.2 594 11.9 45 56.0 590 125
158 55.0 595 12.0 46 57.2 582 11.2
168 55.1 598 12.2 47 55.0 580 1.1
178 54.5 600 122 | 48 54.0 585 115
188 54.5 600 12.2 49 53.8 585 115
198 55.1 585 11.2 50 " 54.2 589 11.8
208 53.8 578 10.2 51 55.5 589 12.2
218 54.8 582 105 52 54.0 592 12.1
228 56.2 590 108 53 54.0 600 12,0
238 57.5 590 121 54 54.0 585 116
24B 55.0 585 108 55 54.0 599 12.3
258 57.2 588 11.2 56 53.8 590 12.1
268 55.3 590 11.2 57 53.5 585 12.2
278 54.4 588 11.0 58 53.8 592 1.4
288 53.8 589 1.1 59 53.9 592 11.2
298 55.0 580 107 60 52.8 590 112
308 55.0 585 1.0 61 53.0 590 113
Avg. ' B5.6 591 11.8

B-1
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Table II. Cell Characteristics of Lot T-2 Under 100 mW/cm2 Tungsten Light

90 Minute Diffusion at 400°C Followed By 2 Hour Redistribution
at 400°C into Czochralski Silicon

Celi No, I Voo Eg Cell No. lee (7 Eg
T2 {mA) {mV) (%) T-2 {mA) {mV) (%)
1 59.1 580 12.1 31 58.6 573 115
2 58.3 575 11.6 32 57.5 580 1.4
3 58.3 580 119 33 56.2 573 10.9
4 57.0 578 116 3 54.2 580 1.1
5 58.2 579 12.0 36 56.8 572 1.1
6 58.0 580 118 37 57.0 570 11.1
7 56.6 582 119 33 59.0 562 11.2
8 56.8 578 11.7 39 58.1 574 11.2
9 58.0 575 118 40 57.7 578 11.2
10 59.3 576 11.8 41 55.2 570 105
11 57.8 576 11.7 42 57.0 570 1.2
12 57.8 574 11.8 43 59.3 570 106
13 59.0 572 1.8 4 56.8 570 11.4
14 58.2 580 11.8 45 55.0 565 11.0
15 59.2 572 11.9 46 58.5 578 1.1
16 57.0 © 579 1.7 a7 57.0 570 11.0
17 56.5 578 115 a8 57.2 578 115
.18 58.5 570 115 49 56.0 565 109
19 57.0 570 10.8 50 56.9 573 10.8
20 56.2 580 11.7 51 - 55.5 570 10.8
2 57.0 570 117 52 57.0 562 10.8
22 56.1 584 11.8 53 57.0 575 10.8
23 56.8 572 11.7 54 56.5 558 105
24 56.0 570 109 55 54.9 564 10.6
25 57.8 574 115 56 55.9 558 10.6
2 56.8 578 114 57 59.0 582 10.7
27 55.0 570 11.2 58 58.9 575 - 115
28 56.2 578 113 59 54.8 570 10.6
20 58.0 570 1.4 60 56.2 575 10.8
30 57.9 568 11.2 61 57.2 578 11.2
Avg. 57.2 564 11.3
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Table ITII. Cell Characteristics of Lot T-3 Under 100 mW/cm2 Tungsten Light

P

90 Minute Diffusion at 400°C into Lopex Silicon
Cell No. le Ve Ege Cell No, e | Ve Ege
T3 (mA) (mVv) (%) T-3 (mA) (mV) (%)
1 58.2 595 128 31 56.5 580 11.4
2 56.8 590 12.2 32 57.8 590 1.3
3 57.8 592 | 126 33 56.5 590 1.6
4 57.0 590 12.2 34 56.9 590 12.1
5 56.8 595 12,6 35 54.8 588 116
6 57.0 590 125 36 56.5 578 111
7 57.2 590 | 122 a7 58.1 595. 13.1
8 56.0 595 126 128 59.5 595 13.0
9 55.8 592 12.1 39 58.5 600 13.2
10 57.3 585 121 40 59.0 598 13.0
11 57.9 588 12.1 a1 58.8 590 125
12 56.5 590 12.1 42 58.2 599 12.8
13 56.5 593 122 43 58.5 599 129
14 56.8 592 125 44 59.2 590 125
15 57.0 574 118 45 58.8 590 12.2
16 56.0 590 118 46 58.5 590 12.2
17 56.1 © 590 12.1 47 58.0 590 12.1
18 56.8 588 117 48 58.9 590 12.3
19 57.8 580 118 49 59.6 590 12.1
20 58.3 580 118 50 57.5 590 12,0
21 57.2 580 118 51 58.6 590 12.1
22 55.0 592 119 52 58.5 578 11.4
23 56.0 588 115 53 57.5 585 117
24 54,5 588 115 54 59.0 585 119
25 57.0 572 1.1 55 57.0 590 12,5
26 55.1 590 115 56 57.5 593 125
27 54.5 589 114 57 56.5 590 12.1
28 57.0 582 115 58 55.0 595 12.2
29 53.5 580 114 58 56.0 590 12,0
30 57.8 589 118 &0 57.5 590 11.9
Ave, 57.1 589 12.1

B-3
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Table IV. Cell Characteristics of Lot T-4 Under 100 mW/cm2 Tungsten Light

90 Minute Diffusion at 400°C into Float-zoned Silicon

Celi No. I Ve Egf Cell No. I Vo Eg
T4 1 (mA) {mV) (%) T4 {mA) {mV) (%)
1 53.9 590 12.0 31 - 52.6 590 11.1
2 54.2 501 12.0 32 52.7 590 1.0
3 55.6 583 116 33 53.7 585 11.2
4 53.0 587 115 34 53.0 582 11.0
5 54.0 587 1.1 35 53.8 588 11.5
6 53.5 589 116 36 53.7 582 11.0
7 54.0 585 115 37 51.8 588 1.2
8 54.0 590 115 33 53.8 590 1.1
9 54.0 590 116 39 52.9 582 11.1
10 55.0 588 1.4 40 53.0 580 11.0
1 52.0 590 116 41 53.2 582 11.0
12 .52.6 590 115 42 52.0 580 10.9
13 52.0 589 116 43 52.1 538 11.2
14 53.0 584 115 a4 54.0 588 1.2
15 52.8 590 116 45 53.6 580 11.0
16 53.0 589 115 46 52.0° 590 1.2
17 54.0 ' 585 114 47 §2.2 590 11.1
18 52.3 590 11.2 48 52.0 590 108
19 52,5 588 11.2 T 62.5 582 10.9
20 54.0 583 11.2 50 51.8 588 10.9
21 54.6 582 11.2 51 52.5 580 105
22 54.0 585 11.3 52 © 52.0 580 10.9
23 53.2 588 11.2 53 51.8 582 11.0
24 53.8 590 11.1 54 50.0 590 11.0
25 53.2 585 11.3 55 51.9 587 109
26 52.5 590 115 56 52.8 580 10.9
27 51.7 590 11.3 " §7 53.0 580 10.7
28 52.0 585 108 58 54.8 588 108
29 52.1 585 10.9 59 53.0 585 109
¢ 30 53.0 580 1.1 60 52.8 582 109
Avg. 53.0 586 11.2




Table V. Cell Characteristics of Lot T-5 Under 100 mW/cm2 Tungsten Light

90 Minute Diffusion at 400°C into Whole Slice of Lopex Silicon

&
Cell No. I Ve Eg Cell No. I Ve Eg
T-5 {mA) {mVv}) {%) T5 {mA) (mV) (%)

1 2
1 53.0 595 12.2 31 52.8 605 13.1
2 53.0 600 12.8 32 53.0 604 13.1
-3 52.0 .605 12.8 33 52.0 599 12.1
4 51.0 606 12.8 34 52.0 600 126
5 54.0 600 13.1 35 51.2 599 12.3
6 52.2 601 12.9 36 51.0 600 12,6
7 52.0 610 13.0 37 53.0 600 12.3
8 52.9 606 13.0 38 520 600 125
9 53.2 600 12,9 39 52.0 602 129
10 54.0 606 13.6 40 515 600 12.6
1 55.0 600 12.8 41 53.0 600 12.7
12 52.1 600 12.9 42 52.8 600 12.7
13 52.9 600 12.9 a3 52.2 609 136
14 52.4 600 12.3 a4 53.8 600 13.0
15 51.0 605 12.7 45 54.5 590 12.3
16 52.8 610 13.2 46 51.4 600 12.8
17 53.0 " 595 125 47 53.9 595 12.8
18 54.5 600 129 48 56.5 602 13.8
19 52.8 605 12.9 49 52.5 600 12.8
20 51.0 600 12.2 50 51.8 600 12.1
21 515 605 13.2 51 52.5 600 12.8
22 51.8 605 12.8 52 51.2 596 11.9
23 51.8 600 12,6 53 50.0 599 12.3
24 51.0 610 12.8 54 515 - 600 12.1
25 52.0 600 125 55 50.0 595 115
26 51.0 605 12.8 56 51.0 595 12.0
27 510 | 600 12,6 57 52.2 595 11.8
28 53.5 605 13.1 58 50.5 600 12.2
29 52.0 600 12.8 59 50.0 601 12.5
30 54.0 602 125 60 52.8 591 11.8

L 4
b Avg. 52.3 600 C 127
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Table VI. Cell Characteristics of Lot T-6 Under 100 mW/cm2 Tungsten Light

8 Hour Diffusion at 325°C on Lopex Silicon

Cell No. lee V. Eg Cell No. I Ve Eg
, T6 {mA) (mV) (%) T6 {mA) {mV) (%)
1 59.0 599 125 31 61.0 599 12.8

2 58.5 590 11.9 32 59.0 600 12.2

3 60.2 599 12.6 33 57.0 592 11.8

4 58.0 ' 595 1.8 34 59.0 600 12.3
5 59.0 599 12.2 35 55.0 590 11.9:

6 60,0 598 12.6 36 60.0 600 12.3

7 58.2 600 122 37 . §7.0 600 12.0

8 57.0 590 11.7 38 58.0 595 119

9 59,0 598 12.1 39 60.0 600 13.1
10 59.5 590 12.1 40 61.0 598 12.6
1 60.0 588 123 41 59.0 595 12.2
12 59.0 600 12.6 42 A 58.8 600 1.9
13 57.0 595 11.5 43 60.5 600 13.6
14 58.0 595 11.8 44 59.0 605 12.7
15 60.0 592 12.1 45 60.0 605 13.2
16 58.0 600 12.1 46 58.5 600 12.2
17 58.5 . 590 12.0 47 61.0 582 11.5
18 57.0 590 118 48 61.5 600 13.2
19 58.0 590 119 49 60.5 595 12,6
20 59.0 599 11.4 50 57.9 580 11.8
21 59.0 600 12.9 51 57.0 597 11.8
22 58.5 595 11.8 52 60.0 590 11.7
23 59.0 600 125 53 60.0 600 12,9
24 57.5 598 12.4 54 60,0 596 12.4
25 59.0 590 11.7 55 58.0 605 12.9
26 59.0 590 11.7 56 50.0 595 12.1
27 " 600 590 12.1 57 57.0 595 12.4
28 60.0 610 135 58 58.5 600 12.9

‘ 29 8.0 590 . 1.7 | 59 60.0 590 11.8
‘ 30 57.5 600 12.2 60 58.2 600 12.1
Avg. 58.9 596 12.2




o

Table VIL Cell Characteristics of Lot T-7 Under 100 mW/cm2 Tungsten Light

Report No. 03-69-37

8 Hour Diffusion at 325°C on Czochralski Silicon

Cell No. fee oc Eg Cell No. I oc Eg

T-7 (mA) (mV) (%) T-7 (mA) {mV) (%)
1 58.5 580 1.4 31 56.6 585 11.6
2 59.3 590 12.1 32 57.0 600 13.0
3 58.5 . 590 12.1 33 59.0 590 11.2
4 60.0 585 11.9 34 56.0 590 1.5
5 60.1 590 11.9 35 58.0 595 124
6 59.0 590 11.9 36 54.0 595 11.9
7 . 568.0 580 11.2 37 56.0 580 10.9
8 57.2 590 11.8 38 58.0 591 11.4
9 58.0 585 116 33 56.8 590 11.9
10 57.56 589 11.7 40 60.0 530 12.2
11 59.0 580 11.2 41 59.0 580 11.0
12 61.0 590 115 42 57.5 582 11.8
13 58.0 590 11.8 43 57.2 595 12.7
14 57.0 582 11.2 44 50.9 592 11.2
15 61.0 590 12.2 45 60.0 581 114
16 58.8 582 1.7 . 46 57.9 585 11.5
17 60.0 580 11.2 47 56.5 573 11.0
18 59.0 590 12.2 " 48 58.5 585 11.0
19 59.0 585 11.9 49 © 57.0 590 11.8
20 59.1 585 12.2 50 58.8 585 11.8
21 59.8 595 13.0 51 59.0 592 12.1
22 58.0 598 12.5 52 60.0 595 12.8
23 57.0 570 10.3 53 56.0 590 11.5
24 58.5 600 13.0 54 - 57.9 595 124
25 59.9 580 12.9 55 58.0 584 113
26 58.0 589 1.1 56 60.0 585 11.9
27 57.0 590 115 57 54.8 589 11.8
28 57.8 580 11.3 58 57.86 572 11.2
29 58.5 595 12.2 59 59.5 598 126
30 58.8 592 12.0 60 60.3 588 12.0
Avg. 58.2 588 11.8

B-7
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Table VIIL. Cell Characteristics of Lot T-8 Under 100 mW/cm2 Tungsten Light

8 Hours at 325°C Diffusion on Whole Slices of Czochralski Silicon

Cell No. Isc oc Eff Cell No. Isc Voc Eff
T8 {mA) (mV) (%) TS {mA) {mV) (%)
1 57.0 599 13.2 31 . 56.4 594 12.9
2 58.0 590 13.0 32 56.3 590 12.7
3 §7.2 595 13.2 33 56.0 590 12,5
4 56.0 590 12.9 34 57.9 586 12.8

5 56.0 590 12.8 35 575 590 130
6 56.8 592 13.0 36 56.8 585 12.7
7 56.5 593 13.0 37 55.5 594 129
8 57.1 592 13.0 38 54.5 579 11.8
9 56.0 595 13.0 39 55.0 580 12.2
10 57.1 591 12.9 40 53.8 500 12.2
11 57.0 590 13.2 41 56.0 588 12.5
12 58.0 594 12.9 42 55.5 585 12.0
13 57.9 600 13.3 43 55.0 590 12.2
14 57.2 598 135 44 55.8 590 12.4
15 58.0 595 13.3 45 55.7 582 12.3
16 58.0 600 136 46 54.5 580 12.2
17 56.0 580 12.1 47 6.0 584 12,2
18 54.5 585 12.2 48 55.5 590 124
19 54.5 580 12.2 49 56.9 595 13.2
20 57.2 580 11.9 50 56.0 588 12,2
21 56.5 590 13.0 51 55.9 584 12.2
22 55.5 595 13.1 52 54.0 590 12.8
23 55.5 590 12.8 53 55.0 594 12.7
24 57.0 589 12.8 54 53,5 591 12.2
25 56.6 579 124 55 56.8 590 12.8
2% 57.8 590 12.6 56 53.0 580 12.3
27 5.3 593 13.0 57 55.0 590 11.8
28 55.5 590 12.6 58 56.5 583 11.8
29 56.1 590 12.8 59 54,5 595 12,7
30 56.0 590 12.6 60 52.9 582 12.0
Avg. 56.0 589 12.6
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Table IX. Cell Characteristics of Lot T-9 Under 100 mW/cm2 Tungsten Light

8 Hour Diffusion at 325°C on Whole Slices of Lopex Silicon

Cell No. I V. Eq Cell No. le Ve Eg
T-9 (mA) {(mV) (%) T-9 ’ (mA) {mV) (%)
1 54.0 600 12.8 31 65.0 590 12.0
2 54.0 587 115 32 56.0 600 13.0
3. 52.5 . 600 12.0 33 54.0 599 12,5
a4 54.5 598 125 34 55.0 597 12.5
5 54.0 600 126 35 55.5 600 13.0
6 56.5 602 135 36 54.5 592 12.5
7 56.2 595 125 k7 56.0 600 13.2
8 55.2 600 13.0 33 55.0 600 128
9 55.2 600 13.0 39 54.9 600 12.9
10 54.5 600 12,5 40 55.4 600 125
1 55.0 600 13.1 a1 55.8 602 13.0
12 54.1 601 12.9 42 55.2 600 1256
13 56.0 600 13.2 43 54.5 595 12,5
14 55.5 592 126 a4 54.5 600 12.8
15 55.8 600 129 45 84.5 598 12.5
16 56.2 600 12.8 46 55.5 600 12.9
17 55.0 " 590 12,5 47 54.6 600 13.0
18 55.1 600 13.1 48 55.0 595 12.8
19 55.0 603 13.3 49 55.0 601 13.2
20 55.8 600 12.8 50 58.2 595 13.1
21 57.0 585 12.0 51 58.3 600 13.5
22 54.5 595 12,0 52 57.0 600 13.4
23 54.5 600 1256 53 58.0 595 13.1
24 54.8 595 125 - 54 -56.8 600 133
25 54.0 602 128 55 56.2 598 128
2 55.1 601 13.2 56 55.2 594 12,0
27 565.9 600 | 130 57 56.0 584 11.9
28 54,1 600 125 58 52.8 596 12.4
29 54.0 595 12.2 59 54.1 592 12.0
30 54.5 600 12.8 60 52.8 600 12.1
Avg. 55.2 598 12.7
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Table X. Cell Characteristics of Lot T-10 Under 100 mW/cm2 Tungsten Light

: Double Boron Diffusion Depth
135 Minute Diffusion at 400°C on Whole Slices Lopex Silicon

Cell No. I Ve Ey Cell No. e Vo Eg
T-10 (mA) {mV) {%) T-10 " (mA) {mV) {%)
1 54.1 589 12.1 31 55.0 598 12.9
2 56.1 - 590 123 32 55.1 600 12.9
3 56.3 600 13.5 33 55.0 600 13.1
4 §3.5 595 12.5 34 54.0 509 128
5 54.2 598 12.9 35 56.0 605 134
6 58.5 600 13.7 36 57.0 601 13.7
7 54.0 590 12.5 37 54.0 600 | 127
8 54.0 591 12.3 38 54.7 600 12.8
9 53.7 590 124 39 56.0 595 12.8
10 57.4 594 13.1 40 : 53.9 600 12:6
11 55.0 600 13.0 41 55.0 595 12,5
12 54.0 ‘590 12.2 42 54.0 601 12.8
13 54.8 590 12.8 43 53.2 600 12.7
14 55.0 590 12.6 44 5§5.3 600 12.9
15 54.8 585 12.1 45 54.5 605 13.0
16 55.9 585 12.1 46 53.0 603 12.8
17 54.5 591 12.2 T 47 54.1 600 12.2
18 53.0 508 126 48 "63.8 598 12.4
19 54.3 590 12.0 49 52.8 600 124
20 53.2 600 12.5 50 54.0 600 12.3
21 54.5 595 12.9 51 53.0 599 12.3
22 56.8 599 13.0 52 5§5.2 605 12.9
23 53.0 599 125 53 " 57.0 595 13.2
2 54.0 600 129 | 54 52.0 590 118
25 55.2 599 12.9 55 55.0 §90 125
26 56.0 605 135 56 52.0 591 12.0
27 55.1 595 12.8 57 55.5 600 13.2
28 55.0 600 129 58 55.9 . 598 126
29 53.0 590 12.3 59 53.5 600 12.7
' 30 54.6 595 12.8 60 551 600 126
Avg 54,6 597 12.7
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